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Summary

This report summarizes the structural analyses done on the evaporator section of Tracker
Thermal Control System. The analyses include the verification of the thermal bar
assemblies, the evaporator tubes and the evaporator support brackets. It reports on the
structural verification of launch, thermal and installation forces. Also Natural frequency
analyses are included.
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1 Mechanical Design overview.

The TTCS evaporator isaserial cooling loop with soldered cooling blocks. The several
sections are welded together with orbital and laser welding. The cooling blocks are
thermally connected to the thermal bars of the tracker.

The mechanical design of the thermal bars can be reviewed viathe drawing tree which is
available on the internet at:
http://www.nikhef.nl/pub/departments/mt/projects’ams/Si Tracker/A SC13.html

The mechanical design of the evaporator loop can be reviewed at:
http://www.nikhef.nl/pub/departments/mt/projects/ams/Si Tracker/ASM 28.html

The mechanical design of the brackets supporting the evaporator can be reviewed at:
http://www.nikhef.nl/pub/departments/mt/projects/ams/Si Tracker/ASM 56.html

Figure 1.1 Total assembly of the evaporator loop




2 Finite Element M odel overview

2.1 Thermal bar model

Many of the components which make up the thermal bar have been modeled as either
solid elements or thin shell elements, as can be seenin figure 2.1. The X- and Y -direction
match the strong directions of the TPG material, the Z-direction is the weak direction of
this material. From experience we know that this material behavesin a strange way.
Because of the very big difference in stiffness propertiesin the stiff X-Y compared to the
Z-direction, it does not give the stiffness to the construction as it would result from
calculations in which these properties have been added. Therefore, calculations with the
TPG material have been performed, as well as without this material. The latter
calculation can be interpreted as aworst case situation for the aluminium, this material
hasto carry then all the load. Please note that if the TPG has been neglected in the
calculations, thisis only true for the stiffness, to account for the mass of it, the density of
the aluminium has been adjusted to compensate for the loss of mass of the TPG.

Figure 2.1: Finite element model of the thermal bar. The conductor, base, clip support
and connector bridges have been modeled using solid elements, the hybrid
boxes are modeled using shell elements and the thermal connectors are
represented by lumped masses at the end of the thermal conductors.

Thereisasmall difference in the design of the thermal bar of plane 2 and 4 compared to
the bar of plane 3. The geometry is similar; the mounting on the ends of the bar is
different. The plane 2& 4 thermal bars have an evaporator copper bridge attached, while
the plane 3 thermal bar have only the flex connectors attached. The analysesis only done
on aplane 2& 4 thermal bar, since thisis considered to be the worst load case due to the
heavier thermal bridge.



2.2 Evaporator model

The cooling loop is fixed with flexibility to the Tracker and the thermal bars. The
brackets holding the springs of the outer loop are not modeled because they are assumed
to be strong enough. Due to the spring they are not part of the evaporator structural
behavior. They are only carrying the weight of the loop which is very light. The parts
which will be used in the ssmulation model, are depicted in figure 2.2. In al analyses,
holes where these parts are fixed to the rest of the detector with bolts will be fully
constraint.

'Figure 2.2. Assembly necessary for the analysis of the Cooling Loop System.

Cooling pipes have been meshed with beam elementsin the larger part of the model, only
in the neighborhood of the Flange Exit Clamp Base, shell elements have been used.
Supports and Leaf Springs have been meshed with shell elements and both Clamp Bases
consist of 3D tetrahedral elements, see figure 2.3. All elements used in the model are of
the quadratic type.

'Figure 2.3. FE model of the outer loop generated from the |-deas CAD model shown in
figure 2.2.



3. Launch and landing load stress analyses.

In order to survive launch and landing, the evaporator assembly must withstand a40g in
any direction with 10g in the 2 perpendicular directions. The Safety factor for yield must
be 1.25, the ultimate safety factor must be 2. The Margin of safety, which isthe margin
from the safety factor is the value which need to be communicated with NASA/LMCO.
For the margin of safety counts:

FTu i
Fau* f

FTy
FSy* f

M&u =

MSy = -1

MSx=Margin of safety for yield or ultimate
FSx=Factor of safety for yield or ultimate
FTx=Ultimate or Yield stress

f=Maximum limit stress

u=ultimate

y=vyield

This value must be positive to meet the launch and landing load requirements. Table 3.1
show the stress analyses results of the Launch and landing load analyses.

Maximum Limit Ry Ftu

Discription Part number Meterial Loadfactor ~ Stess (Nmm2) (Nmm2) (Nmm2) Msy Msu
AL6082 120 240 300 060 025
AVISI144pn2/ | TPGTCIO0xy 139NA 3900 NA 139.29
P24/P3 Thermal Bar |AMISII145A2 TPG TC1050z 40g,10g,10g 0.099NA 04NA 102
Evaporator tube ASM28, ASM29  |CRES 3161 40g,10g,10g 795 319 632 221 297
Central clamp ASM25 AL6082 109,109,409 377 240 300 409 299
Hange exitclamp ~ |ASM06 AL6082 109,109,409 80 240 300 140 0.83
Outer ring support 1 |ASM39 AL6082 40g,10g,10g 48 240 300 300 213
Outer ring support2 |ASM57 AL6082 109,409,109 83 240 300 131 0.8
Outer ring support 3 |ASM62 AL6082 109,109,409 125 240 300 054 020
Spring support ASM1901 AL6082 40g,10g,10g 64 240 300 200 134

Table 3.1: Summary of stress analyses

3.1. Thermal barsstress analyses

The worst case acceleration load isthe load in X. Thiswill be 40g in X-direction and 10g
in both the Y- and Z-direction. In the first cal culation a course mesh has been used as can
be seen in figure 3.1. The highest stresses are expected at the bolt hole connectionsto the
sandwich planes or at the connections between the TPG material and the surrounding



aluminum. The result of the stress calculation can be seen in Figure 3.2. Units of the
stress values in the plots are in mN/mmg,
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Figure3.1. Von Mises stressesin the thermal bar due to the (40,10,10)g acceleration
loadt.

The highest von Mises stresses occur in the TPG material in the neighborhood of the bolt
holes (13.2 MPa/ 1916 psi). The highest stress at abolt holeis 4.8 MPa. Because TPG is
avery brittle material and also orthotropic, the principal stresses are a better indicator,
also the stress in the weak direction of the material. The highest principal stressin the
TPG is 13.9 MPa (2018 psi), the highest stress in the weak direction (Z) is 0.098 Mpa (14
psi). Because the mesh in the neighborhood of the highest stresses is quite coarse, a more
detailed calculation has been performed, including the highest stress regions and the bolt
holes. The FE model for the detailed calculation can be seen in Figure 3.2.

Figure 3.2. Finite Element model of a small portion of the thermal bar



Figure 3.3 shows the maximum principal stresses, the highest valueis 13.7 Mpa (1990
psi), the maximum stressin the weak direction (Z) is 0.099 MPa (14 psi).
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Figure 3.3. Maximum principal stressesin the detailed model for stress analysis.

For checking reasons, also a gravity load has been applied with an acceleration of 40g in
the Y -direction and 10g in the other directions. This calculation resulted in lower stresses
and reaction forces. Figure 3.4 shows the maximum stressin the thermal bar if the TPG
material is neglected. As mentioned earlier, this situation is aworst case for the
aluminium. Leaving the TPG out leads to much higher stresses, the deflection is much
higher. A simple calculation shows that the stiffness value El of the cross section of the
thermal bar with TPG is about 45 times higher than without TPG. The maximum stressis
120 MPa (17.4 ksi). Theyield stress for the aluminium is 240 MPa, the ultimate stressis
300 MPa, so the bar without TPG can withstand the |oads.
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Figure3.4.  Stresscalculation of the thermal bar without TPG shows a maximum
stress of 120 MPa.



3.2. Evaporator stress analyses

The worst case direction in which the 40g acceleration acts on the evaporator assembly,
can differ from part to part. The most flexible way to analyse this situation is to construct
three loads of 1g each in the three orthogonal directions and analyse the assembly with all
these three load cases. Assumed that the deformations and stresses scale linearly with the
acceleration (i.e. no large deformations are present and no plastic deformation will occur)
the worst case situation can be found by multiplying the results in one direction with a
factor 40, and adding the results in the other directions multiplied with a factor 10.

The stresses in the Central Evaporator Clamp Base are highest if the acceleration of 40 g
isdirected normal to the cooling tube planes (2), this (von Mises) stress is about 38 M Pa,
seefigure 3.5.

4, EIm 00

Figure 3.5. The maximum stressin the Central Evaporator Clamp Baseis 37.7 MPa.

The stresses in the cooling tubes can be up to 80 MPa, here the worst case acceleration is
in the X direction, see figure 3.6. The highest stressin the cooling pipes occur in the
neighborhood of the Central Evaporator Clamp Base, in arelatively sharp bend.
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Figure 3.6. The maximum stress in the cooling pipes will be 79.5 MPa during launching.

On the other side, close to the Flange Exit Clamp Base, the highest stress in the cooling
tubes are dightly lower, about 70 MPain the exit tube (shown in figure 3.7) inthe Z

direction.
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Fiure 3.7. The maximum stress in the cooling pipes close to the Flange Exit Clamp Base

will be 69.1 MPa during launching.



Figure 3.8, at last, shows the von Mises stresses in the Flange Exit Clamp Base itself,
being about 80 MPain avery small area, with most of this part being in alow stress
situation.
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Figure 3.8. The maximum stress in the Flange Exit Clamp Base.

All the stresses calculated in this section, are tolerable.



4. Frequency analyses

4.1. Thermal bars

To get afeeling of the order of the results with respect to the frequency analysis, asmple
hand cal culation can be done in which the thermal bar is assumed to be fixed in the
middle. The length of one end is then 138 mm, the mass of one thermal bar conductor on
one side of the fixing with all componentsincluded is about 100 grams. The bending
stiffness of the beam E-:I can be calculated from the bending stiffness of the separate
materials (aluminum and TPG), the resulting value is 45 Pa-m®*.
According to %, the first resonance frequency for a one-end fixed beam with uniform mass
is:
1 (140 _EI
= X X—

20 V11 m#

in which m is the uniform mass per unit length and L is the length of the beam. Filling in
the appropriate values gives afirst resonance frequency of 234 Hz.

The FE model used for the stress analysis has been changed a little bit: some components
have been added as alumped mass on the thermal bar conductor, the components that
have been model ed besides the conductor are the base and the clip support, see Figure
4.1.

Figure 4.1. Adjusted FE model used for the frequency analysis. Besides the thermal bar
conductor also the base (yellow elements) and the clip support (cyan
elements) have been modeled.

! Ray W. Clough and Joseph Penzien: Dynamics of Structures, second edition, 1993, Mc Graw Hill.



In the first calculation, the TPG material is present in the model. It shows that the first
resonance frequency of this structure is 149 Hz, but thisis not a possible mode shape (see
Figure 4.2), because the hybrid boxes, which have now been represented as lumped
masses) will prevent the two conductors to move in opposite directions.

JISF’I;QEEMENT — MAG MIN: 0.00E+00 MAX: 1.02E+03 VALUE
“RAME OF REF: PART

@

Figure4.2. Thefirst resonance frequency of the used FE model, which doesn’t
represent a possible mode shape.

The second mode shape, however, is possible (see Figure 10), the resonance frequency is
dightly higher than the first one, namely 152 Hz.
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Figure 4.3. The first possible mode shape, which has a frequency of 152 Hz



In redlity, the frequency of this mode shape will be somewhat higher, because the hybrid
boxes, which have a certain stiffness, will force the mode shape in adightly different
way. The value of 152 Hz can thus be interpreted as a worst case situation.

Also afrequency analysis has been performed when the TPG material is neglected. This
means in the next calculation that the mass of the TPG is put into the aluminium by
giving it ahigher density. The results show afirst calculated resonance frequency of

80 Hz, seefigure 11.
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Figure 4.4. First resonance frequency shape of the thermal bar without TPG.

Thisiswhat also comes out of the vibration tests done with the thermal bars[see: AMS-
02 vibration tests of tracker components, performed by the AMS group, DPNC —
University of Geneva, Switzerland], the first resonance frequency has been detected at 84
Hz.

4.2. Evaporator loop

The analysis shows that the three lowest resonance frequencies al lie in the range
between 100 and 110 Hz, with 100.6 Hz being the lowest in the cooling pipes, see figure
4.5. The other two resonance frequencies mentioned can be seen in figure 4.6 and 4.7,
being 104.4 Hz in the cooling pipe spiral and 107.0 Hz in the Central Evaporator Clamp
Base, respectively.
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Figure 4.5. Thefirst resonance frequency in the cooling pipes has a value of 100.6 Hz

Figure4.6. Thefirst resonance frequency in the cooling pipe spiral has a value of
104.4 Hz



Figure4.7. Thefirst resonance frequency in the Central Evaporator Clamp Base has a
value of 107.0 Hz.



5. Displacementsresulting from a 60 K temperature drop

The difference in temperature between assembling conditions and working conditions can
rise up to 60 K (from +20 °C to -40 °C). The temperature of -40 °C will be the working
temperature of the cooling pipes, contraction of the pipe material will lead to
displacements and stresses in the assembly. Figures 5.1-5.3 show the displacements of
the cooling pipes themselves (maximum 1.8 mm) and of both Clamp Bases.

Figure 5.1 Maximum deformation of the cooling pipes resulting froma 60 K temperature
changeis 1.79 mm.

LT

qEH
1& T

'Figure 5.2.  Maximum deformation of the Central EvaBorator Clamp Base resulting
froma 60 K temperature changeis 0.1 mm.




.

Sl

e, + Rofe, e Sy e OSSO ew i Lonk o SFURD0M0 a7l
EEPA, TR L= WG & ¥ SCLTEN ®ERTFRATH

R |

L D0p=00R

Figure5.3  Maximum deformation of the Fiange Exit Clamp Base resulting froma
60 K temperature change is 0.69 mm.
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Figure 5.4. Stresses in the outer ring leaf springs due to 60°C temperature change.




6. Installation defor mation

During assembly of the system, some temporary mechanical deformations will develop in
the assembly. Thiswill result in stresses, which will be released after the assembly
procedure and will not add up during launching or under working conditions. These
deformations, which can be put into the FE model as forced displacements, are a
contraction in the cooling pipe system of 4 mm (i.e. ahalf loop of the cooling pipe will
deform 2 mm inwards at a position halfway between the two Clamp Bases).

Before launch the vacuum case will be evacuated and deformations in the magnet flange
up to 10 mm will occur. This deformation will lead to a 10 mm deformation in Z for the
protruding evaporator exit tubes, see figure 6.1.

Figure 6.1. Forced, temporary, displacements during assembly.

Pushing the cooling pipes 2 mm inwards will result in a maximum stress in the cooling
pipe of 36 MPa, seefigure 15. As stated earlier, this stress will not add up to the stress
resulting from the internal pressure of 160 bar, because this pressure will only be present
after assembly of the structure.
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Figure 6.2. The maximum stress in the cooling pipe resulting from the 2 mm deformation
is 35.8 MPa.

The displacement of the clamping block of 10 mm in a downwards direction will result in
atemporary stress in the cooling pipes of 434 MPa, see figure 6.2, which might not be
acceptable for this material. This deformation is present during launch, and need to be
added to the acceleration stresses. The conclusion of this analysesis that the evaporator
tail needs aredesign with picktails or so. (To be continued....)

Figure 6.3. The maximum stress in the cooling pipe resulting from the 10 mm
deformation is 434 MPa.



Appendix 1, M echanical overview










Appendix 2: Stress analyses overview

Central Evaporator clamp ASM25
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Outer ring support ASM39,ASM57

40g in X-axis

Outer ring support ASM62
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Outer ring spring support ASM 1901
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2.54D+04)

2.03D+04)

1.520+04

1.020+04)

5.090+034

3.87D+0

RESULTS: d45-BEAM STRESSES 10X_40Y_10Z
MAGNITUDE - MIN: 2.0iE-15 MAX: 1.38E+05
Data component: VON MISES STRESS at maximum point

/ VALUE OPTION:ACTUAL

LRzmma

7.000+04

6.220+04

5.450+04

4.67D+04

3.590+04

3.110+04

—

2.330+04

1.56D+04

7.78D+03

2.130-15]

40g in Z-axis

40g in z

RESULTS: 115-STRESS 10X 10Y 402
STRESS - VON MISES MIN: 2.11E+00 MAX: 5.79E+04
FRAME OF REF: PART

VALUE OPTION:ACTUAL
SHELL SURFACE: TOP
5.790+04,

5.210+04

4.63D+04]

4.09D+04)

3.47Dv04,

2.900+04

2.320404]

1.74D+04)

1.16D+04)

5.790+03%

2.11040

RESULTS: 46-BEAM STRESSES 10X_10Y_40Z
MAGNITUDE - MIN: 2.18E-15 MAX: 1.12E+05
Data component: VON MISES STRESS at meximun point

a0g in z

// /v;:/(u{ OPTION:ACTUAL

?.060+04
6.360+:04
5650404
4.940+04
4.240+04
3.530+04
2.aneo]
2.120+04

1.410+04

7.06D+03]

2.24D-15]




Evaporator tube (ASM 28, ASM29)

40g in X-axis

7.180+03

5.390+03)

40g in z 40g in z
RESILTS: 115-STRESS 40% 10V 402 RESILTS: 115-STRESS 40% 10V 402
STRESS - VON WISES MIN: 0.00E¥00 WAX: 6.S1E+04 VALUE OPTION:ACTUAL [ STRESS ~ VON MISES MIN: 2.43E-03 MéX: 6.09E+04
FRANE OF RE SHELL SURFACE: TOP | FRAME OF REF: PART
10404
6.220+04 5480404
5.530+04 4.570+04
4.840+04 4.270+04
4.150+04 3.660+04
3.080+04
2440404
1.530+04
1.380+04 1.220+04
6.910+03 6.090+03
0.000+00 2.430-08
05 iny 408 iny
RESULTS: 114-STRESS 0% 40Y 102
VALUE OPTION:ACTUAL [ STRESS ~ VON MISES MIN: 1.57E-10 Né: 2.58E+04 VALUE OPTION:ACTUAL
SHELL SURFACE: TOP | FRANE OF REF: PART SHELL SLRFACE: T0°
1.80D+04 2.580+04
1620404 2.320404
1.440+04 2.060+04
1.260+04 1.520+04
1.08D+04 1.550+04
5.960+03 1290404

2.560+0)

1.570-10l

40g in Z-axis

RESULTS: 11
STRESS - VOl
FRAME OF RE]

3-STRESS 40X 10Y 107
N MISES MIN: 0.00E+00 MAXj

¥ UALUE OPTION:ACTUAL
SHELL SURFACE: TOP

2.020+04

1.520+04)

1.620+04)

1.420+04)

1.210404)

1.010+04)

&.0ap+03)

6.070+03)

4.080+03

2.020403

0.000+00l

RESULTS: 113-STRE:
STRESS - VON MIS]

SS 40 107 10

ISES MIN: 4.76E-
FRAME OF REF: PART

z
10 MAX: 2.63E+04

40g in x

2.11D+04)
1.84D+04)
1.560+04)
1.320+04)
1.0511104“
7.800+03)
5.270+0)

2.630+0)

4.760-10l




